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ABSTRACT
This thesis mainly focuses on two important aspects of the photovoltaic modules. The
first aspect addressed the high voltage bias testing and data and degradation analysis of high
voltage biased thin film photovoltaic modules. The second aspect addressed the issues of
reliability and durability of crystalline silicon module. Grid-connected photovoltaic systems must
withstand high voltage bias in addition to harsh environmental conditions such as intermittent
solar irradiance, high humidity, heat and wind. a-Si:H thin-film photovoltaic modules with
earlier generation SnO2:F transparent conducting oxide (TCO) on the front glass installed on the
FSEC High Voltage Test Bed were monitored since December 2001.
The data was collected on a daily basis and analyzed. The leakage currents for some
chosen time period were calculated and compared with the measured values. Current-voltage
characteristic measurements were carried out to check any reduction in the power. Samples were
cored and extracted for analysis from one of the -600 V biased modules. Leakage currents in
high-voltage-biased laminates specially prepared with improved SnO2:F TCO are being
monitored in the hot and humid climate in Florida.
Negatively-biased modules showed clear signs of delamination. The leakage currents in
high-voltage biased photovoltaic modules are functions of both temperature and relative
humidity. Photovoltaic module leakage conductance was found to be thermally stimulated with a
characteristic activation energy that depends on relative humidity.
The adhesional strength was lost completely in the damaged area. Leakage current values
from support to ground in new, unframed laminates fabricated with improved SnO2:F TCO layer
were ~100 times lower under the high voltage bias in hot and humid environment.
iii

Information on the failure of field deployed modules must be complemented with why
and how the modules fail while considering the issues of reliability and durability of crystalline
silicon module. At present, all the failure modes have not been identified and failure mechanisms
have not been understood. Experience has shown that as the materials and processes are changed,
reliability issues that apparently had been resolved resurface.
A multicrystalline silicon photovoltaic module that was manufactured by a non-US
company and that had shown >50% performance loss in field-deployment of <2 years in hot and
dry climate were studied for degradation analysis in comparison with a mc-Si module that was
manufactured by the same company and that performed well after 10 years of field-deployment
in hot and humid climate.. I-V measurements were carried out to analyze the reduction in
photovoltaic parameters. Solder bond strength in mc-Si photovoltaic modules were measured to
understand early degradation of performance. Samples were cored and extracted for further
analysis.
Adhesional strength between the busline metallization and the silicon cell in a newer
generation mc-Si photovoltaic module was found to be considerably lower than that in the earlier
vintage module. These results can be useful for early detection and diagnosis of field reliability
issues and could assist in establishing correlation between long-term field data and observations
and accelerated environmental stress testing. It is suggested that more detailed study should be
undertaken using unencapsulated strings of crystalline silicon modules so as to avoid
complication due to encapsulant creeping beneath the ribbons.
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CHAPTER ONE: INTRODUCTION
1.1: Overview
The 21st century brings numerous challenges and opportunities that will affect the world
energy supply and demand and economy [1]. Power generation from renewable resources has
been counted upon to bridge the gap between global demand and supply of power. Photovoltaics
is a fascinating technology: it enables independent generation of electricity without polluting the
environment, produces electricity for small devices or even entire regions, offers high supply
security without fuel costs. Photovoltaic is unique! Energy experts from all over the world agree
that photovoltaics will, in the long term, cover a significant proportion of the worldwide
electricity demand [2].
The U.S. Department of Energy encourages and supports the photovoltaic industry in
developing a module technology that will last 30 years in the field [3]. An additional goal is to
identify a short-term means to certify that a module technology will, indeed, last 30 years [4].
Efforts are being made to make this dream a reality. Major steps are being taken to identify
module failure modes and develop accelerated test environments. The development of a valid
test sequence for a particular mode of technology takes long time, some times even years. It
requires an interactive process of long-term field observations, identification of failure
mechanism and rate, development of accelerated tests to simulate the failure mechanisms [5].
Accelerated tests have been designed and developed to test a failure mechanism.
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1.2: Reliability of Photovoltaic Modules
Photovoltaic module durability research at FSEC strives towards achieving the goal of
the US Department of Energy of the development of cost-effective photovoltaic modules with a
30-year useful lifetime [3]. The information on the failure of field deployed modules must be
complemented with why and how the modules fail. At present, all the relevant failure modes
have not been identified and failure mechanisms have not been understood. Experience has
shown that as the materials and processes are changed, reliability and durability issues that
apparently had been resolved resurface. Durability signifies long-term stability and correlates
with slow, gradual, time-dependent performance loss. For example, the earlier mc-Si
photovoltaic modules manufactured by a non-US company had shown very good performance.
However, recently, some of the newer mc-Si modules manufactured by same company have
degraded > 50% in a relatively short period of 2 years. Since the acceleration tests do not really
accelerate the actual field conditions, it is essential to study both field deployed and acceleration
tested photovoltaic modules. More importantly, attempts should be made to correlate the results
of acceleration test and the field deployment [6].

1.2.1: Why continue the study of module reliability?
There are three main reasons why it is essential to continue the study of the long term
durability of photovoltaic modules.
1. To diagnose the rate of failure.
2. To know the final module failure mechanism and to develop acceleration tests to study
module failures.
2

3. To know if the modules maintain their dielectric integrity when they fail [7]

1.2.2: Approaches for Reliability
1. To collect and analyze actual lifetime data and, from the analysis, establish a failure/time
relationship that assumes that the characteristics of the failure rates will remain
approximately the same in the future. In this approach, it is not required to determine the
root cause of the failure: instead, the sum of all failures is utilized to assess the overall
failure rate.
2. To study the mechanism or cause, of failure- particularly the rate at which damage
accumulates prior to failure. The point at which failure is reached can then be ascertained
exactly, provided one has the knowledge of the initial state of damage, the rate of damage
accumulation, and the criterion for when the damage has reached a terminal state [8][10].

Design of
Reliability
Test

Testing &
Data
Analysis

Failure
Analysis

Figure 1: Functions of Reliability Engineering [10]
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Most of photovoltaic module manufacturers do qualification tests on their modules.
However a very few report on these reliability testing. A qualification test is a controlled set of
tests with defined duration and pass/fail criteria. Durability testing is designed to evaluate
failures to help develop new more reliable products. Durability testing is usually run until the
product under test fails. The durability tests must use longer durations or accelerations within the
normal bounds of operation [7].
One approach to reliability testing is to continue the same accelerated stresses from the
qualification test sequence until the modules fail. For example a set of modules can be thermally
cycled from –40 to +85 °C or damp heat (85 °C at 85% relative humidity) tested until the
modules begin to experience failures [11].

1.3: Photovoltaic Module Failure Analysis
There are various factors that can lead to degradation of photovoltaic modules. The "real
world" stresses are ultraviolet radiation, temperature, atmospheric gases and pollutants, diurnal
and annual thermal cycles, a high-intensity solar irradiance, and voltage bias. In addition
occasional changes occurring due to rain, hail, condensation and evaporation of water, dust,
wind, pebbles, thermal expansion mismatches, etc., may impose additional losses in the
performance of these solar devices. The materials employed in the fabrication of photovoltaic
modules such as the encapsulation materials, solar cell strings, framing, junction box, and
module interconnect components in conjunction with external stresses can degrade in
performance. Combination of any of these factors can degrade the performance of the
photovoltaic module [12]-[17].
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The problems of loss of adhesion, accumulation of impurities at various interfaces,
deterioration of mechanical properties, and corrosion of metallic contacts have not received
adequate attention. Until recently, relatively little efforts have been made to evaluate these
problems because of the difficulty in dissecting the laminated modules and partially because of
the lack of established diagnostic procedures. The PV Materials Laboratory at FSEC has
developed techniques in collaboration with SNL for dissection of photovoltaic modules and
extraction of samples of cells, encapsulant, backing layers and tempered glass superstrate as well
as for measurement of adhesional shear strength at the EVA/Si cell interface. The solder bond
strength of the ribbon is also being measured. Research includes detailed analysis of the
chemical composition at Si/encapsulant and glass/EVA interfaces and on mechanical properties
of encapsulants and their effects on the adhesional strength [12]-[17].

1.4: Degradation of Photovoltaic Modules
The degradation observed in c-Si modules can be categorized into five categories. Either
one or combination of factors may lead to performance loss of the module.
1) Degradation of Packaging Material
2) Loss of Adhesional Strength and Delamination
3) Degradation of Cell/Module Interconnect
4) Degradation by Water Vapor Intrusion
5) Degradation of Semiconductor Device

5

1.4.1: Degradation of Packaging Material
Module package degradation occurs when the laminate package is damaged or packaging
materials degrade during normal service life affecting the function and/or integrity of the
module. Some of the packaging degradations are glass breakage, detachment of junction box,
dielectric breakdown, bypass diode failure, encapsulant discoloration i.e., yellowing and
browning of EVA, and backsheet cracking and delamination. Package degradation can lead to
module performance failures. This in turn can lead to system level issues such as array
performance failure and safety hazards. Modules that sustain packaging damage introduce the
possibility of ground faults and/or excessive module leakage current. In addition, packaging
damage can initiate safety hazards into high voltage systems by failing to provide insulation
necessary to prevent electric shock as well as creating pathways for electrochemical corrosion.
The potential for a shock hazard can be further increased by water vapor condensation in the
package [12], [13], [18], [19]

1.4.2: Loss of Adhesional Strength and Delamination
A critical component of a PV module is the encapsulation material that provides
structural support, optical coupling, electrical isolation, physical isolation/protection and thermal
conduction for the solar cell assembly. Commonly used encapsulant is ethylene vinyl acetate
(EVA). Yellowing and browning of EVA affected the module performance in earlier generation
EVA. Mechanical properties such toughness, resilience, Young’s modulus, total strain and the
ultimate engineering tensile strength of EVA have been found to deteriorate considerably after
field deployment especially in hot and humid climate. Thus the EVA loses its ability to
6

effectively follow diurnal cycles of contraction and expansion. Active impurities such as sodium
from the soda lime glass and phosphorous form the n-type dopant and precipitating reaction
compounds would diffuse at the EVA and cell interface. All these factors contribute to the loss
of adhesional strength [15], [18], [20]-[23].
Delamination is defined as the breakdown of the bonds between material layers that
constitute a photovoltaic module. Delamination has been found to be more frequent and severe in
hot and humid climates. Front-side delamination at the glass-encapsulant and cell-encapsulant
interfaces is more common than backside delamination. Front-side delamination causes optical
decoupling of materials resulting in performance degradation. Delamination on either side
interrupts efficient heat dissipation and increases the possibility of reverse-bias cell heating.
Voids resulting from the delamination provide a preferential location for condensation and
accumulation of water vapor and precipitation of active impurities. These impurities can greatly
increase the possibility of corrosion failures. [14]-[17], [19], [23]-[27].
To reduce the problems of delamination and corrosion, FSEC PV Materials Laboratory
carried out a collaborative study with Siemens (Shell) Solar, AFG and to find ways to minimize
Na-out-diffusion [23]. Different types of glass to glass crystalline silicon mini-modules (30 cm *
30 cm * 3 mm thick) specially prepared by varying the soda-ash content or by varying the
intensity of SO2 treatment were analyzed. These mini-modules were subjected to damp heat
acceleration test at 85 ºC/85 RH for 1000 hours. Analysis showed that reduction of sodium
content in combination with high SO2 treatment improved the adhesional strength and reduced
stains due to water vapor corrosion (Charles’ effect). Based on this study, AFG completely
redesigned their low iron glass composition and lowered the sodium content to ~13% for the
entire PV industry [23]. This constitutes a reduction of ~2% in total sodium content. Such
7

surface passivation of glass with SO2 treatment would be lost and an easy pathway would be
created for the diffusion of sodium from the glass if a process such as sand blasting is used for
edge deletion. In a similar manner to reduction of sodium content, phosphorus concentrations
should be kept at the minimum essential level. Moreover, adequate precautions must be taken to
avoid organic and other contamination [28].

1.4.3: Degradation of Cell/Module Interconnect
Solder bond strength depends not only on the choice of the solder and optimization of the
solder bond process but also on the combined optimization of the screen printing and solder bond
processes. Low solder bond strength has been observed in some field deployed c-Si photovoltaic
modules. Voids in poor bonds can provide nucleation site for corrosive reaction products and
water vapor condensation and can lead to precipitous loss of solder bond strength during field
deployment [23],[27].
Interconnect degradation in crystalline silicon modules occurs when the cell-to-ribbon or
ribbon-to-ribbon area changes in structure or geometry. Coarsening occurs as a result of
segregation of the metals (Pb-Sn) in the soldering alloy. Coarsening causes the formation of
larger metal grains that undergo thermomechanical fatigue, enhancing the possibility of cracking
and joint failure. Thermo-mechanical fatigue changes the solder-joint geometry and thus reduces
the number of redundant solder-joints in a module causing performance loss. These changes
occur due to cracks that develop at high stress concentrations, such as voids and thread-like
joints. This leads to increased series resistance as current is forced to circulate through
diminished solder-joint area and ultimately fewer solder joints. Characteristics directly
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attributable to interconnect degradation include increased series resistance in the electrical
circuit, increased heating in the module, and localized hot spots causing burns at the solderjoints, the polymer backsheet, and in the encapsulant [12]-[13], [19].

1.4.4: Degradation by Water Vapor Intrusion
Water vapor permeation through the module backsheet or through edges of module
causes corrosion and module degradation. Environmental conditions influence water vapor
ingress and egress. Water vapor together with the corroding material and impurities control the
rate of corrosion. Water vapor plays a vital role and is known to constitute up to 20% of the
environmental stresses that along with the temperature lead to device failure. The minimum
critical value of thickness of condensed water to dissolve the impurities and support ionic
conduction has been estimated to be three monolayers. Corrosion attacks cell metallization in
crystalline silicon modules and semiconductor layers in thin-film modules, causing loss of
electrical performance. Water vapor trapped in the module packaging materials increases
electrical conductivity of material. This causes increased leakage current and subsequent
performance loss. Water vapor intrusion can also lead to electrical shorts chemical or
electrochemical breakdown of the encapsulant [4], [11], [28]-[30].

1.4.5: Degradation of Semiconductor Device
Degradation of the semiconductor material itself can also contribute to performance loss
in field-aged modules. The initial light induced degradation is one of the few changes that can be
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attributed to the crystalline silicon semiconductor device. The light induced degradation results
in a small loss in the short-circuit current [12], [19].
Another form of degradation in crystalline cells is a result of chemically assisted
diffusion of cell dopant (phosphorous) to the cell surface. High concentrations of phosphorous,
along with sodium migrating from soda lime glass superstrates to the cell surface correlate to low
adhesional strength at the cell/encapsulant interface. Furthermore, it has been reported that loss
of adhesional strength is exacerbated by exposure to high humidity and high temperature
environments [12], [13], [15], [31].
Cracking (fracture) is a cell level failure mechanism. Here the fracture criterion is not
defined only by the applied stress but also by the physical dimensions of flaw or defect that
causes fracture. The probability of fracture is very low at thicknesses of 200 µm for
multicrystalline and 350 µm for monocrystalline wafers. However, as the wafer thicknesses are
reduced, the breakage becomes an important issue. Grid-lines and bus lines are screen-printed or
ink-written using thick film silver paste on both sides of crystalline silicon cell wafers to collect
the current. Thermal shock during metallization can lead to microcracks. Microcracks can grow
at loads below the yield or failure stresses of the wafer because of cyclic fatigue. This usually
happens when wafers are subjected to repeated cycles of stress resulting from thermal expansion
coefficient difference and diurnal temperature cycling. Fatigue cracking is time dependent and
leads to catastrophic failure of material [12], [27].
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1.5: Accelerated Testing
Some photovoltaic modules have a warranty of 20-25 years. The manufacturing
processes have changed from time to time to mostly reduce the cost of the fabrication and at
times to improve the reliability and durability of the photovoltaic module. Whenever there is an
improvement in the module, it would impractical to wait 20-25 years to see what impact the
change had. New and improved accelerated testing techniques have to be developed to
understand the performance of the modules over a long period of time within a short period [4].
For the accelerated tests to be meaningful, they must be tested for known failure mechanisms [7].
Specific examples of identified field failures, the mechanisms causing the failure and the
accelerated test developed for that mechanism are provided in Table 1.

Table 1: Identified Field Failure Mechanisms and the Corresponding Accelerated Tests [7].
Field Failure

Failure Mechanism

Accelerated Test

Interconnect

Thermal Expansion

Thermal Cycle

Breakage

and Contraction

Delamination of

Water Vapor

Humidity Freeze

Encapsulant

Penetration

Damp Heat

Corrosion of Cell

Water Vapor

Damp Heat

Metallization

Penetration

The commercial photovoltaic modules are qualified to IEC 61215 or IEC 61646. These
test sequences include three major tests (200 thermal cycles, 1000 hours of damp heat and UV/50
thermal cycles/10 humidity freeze cycles) as well as specific tests for mechanical loading, hail,
and hot spot. These test sequences usually minimizes infant mortality and to some extent
11

provides a non-precise indication of the service lifetime of the modules. These test sequences are
not specifically designed for evaluation of long service lifetime [5]. They tests can be performed
on mini-modules or cell structures as well as on full-sized modules. Screening tests require a
small number of samples to accelerate and isolate failure modes [4]. Most of these tests are
conducted indoors i.e. in a controlled ambient conditions. On the other hand, more realistic
conditions will be created if the modules are tested in harsh environmental conditions with some
applied acceleration factors such applying high voltage between the frame and the active circuit
[32]-[33] or insulate the back of the module so that it runs at higher temperature or monitor the
performance of modules that have been through qualification tests [5]. Care must be taken to test
for failure mechanisms that will occur in the field and not to accelerate ones that will not.

1.6: Types of Accelerated Tests

1.6.1: Temperature
Diffusion of contaminants, metals, or dopants and oxide formation are examples of
thermally driven failure mechanisms that are usually related to cell failure. Diffusion of
aluminum into a-Si:H can initiate crystallization processes as well as increase resistance of the
aluminum contact [34]. Increase of surface or bulk electrical conductivity, such as for soda-lime
glass, can cause module failure [35].
Temperature can accelerate adhesive and cohesive failure in double-glass-laminated
modules due to residual strain in the glass resulting from lamination. In an a-Si:H module,
adhesive and cohesive failures occur between the EVA and back metallization. In CdTe
12

modules, de-adhesion is caused by a mixture of back metallization pulling off the cell and EVA
delaminating from the back metal [4].

1.6.2: Water Vapor Transport
Module reliability and durability relies on the susceptibility of the thin film cell materials
to moisture and the ability of the module packaging to resist moisture ingress. Water/module
interaction studies were performed at Jet Propulsion Laboratories in the 1980s [36]. The results
show that thin film modules offer more direct surface and interfacial pathways for water to reach
the cell materials than crystalline-Si type modules for two reasons:
(1) The bulk Si cell is completely surrounded by encapsulant (Figure 2), whereas thin film
cell material is generally deposited on a substrate (usually conductive) and is not
surrounded by encapsulant on all sides (Figure 3);
(2) When thin film cell materials are deposited on conductive glass superstrates, SnO2 scribe
lines, porous frit bridging conductors, and back metal isolation scribes offer ideal
‘wicking’ pathways for water to enter the structure [4].

Figure 2: Cross Section of a c-Si Module
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Figure 3: a-Si Thin Film Module Cross Section.
Adhesive bonds between the silane coupling agents dispersed in the encapsulant
lamination material (e.g., ethyl vinyl acetate) and the glass or soft cover sheet must remain intact
to prevent water ingress and delamination. Small amount of water accumulating at the bottom
frame region of the module mounted at angle can serve as a source of water vapor to diffuse in.
The diffusion rate of water vapor is high in ethyl vinyl acetate because it is an amorphous
copolymer. When the water vapor reaches the interface siloxane bonds can be hydrolyzed. Voids
may be created if there is delamination. Water vapor can condense if it finds any voids. Critical
thickness for corrosion to occur at an interface due to condensation of water vapor is three
monolayers. Ultra-violet radiation with elevated temperature can compromise adhesion and
water vapor transfer rate of encapsulant materials. In order to account for moisture-related
mechanisms quantitatively, the kinetics of moisture ingress and egress must be considered [4],
[28], [37].
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1.6.3: High Voltage Bias
Grid-connected photovoltaic systems can be subjected to high bias voltages up to ± 600
V in USA and up to ±1000 V in Europe. Therefore, in addition to the possible harsh
environmental conditions such as intermittent solar irradiance, high humidity, heat, wind, gridconnected photovoltaic modules must withstand high voltage bias. High leakage currents
generated in biased photovoltaic module can lead to electromigration and degradation thus
becoming an important issue for reliability. It can also become a safety issue because part of the
high voltage potential on the encapsulated photovoltaic circuit can appear on the body of the
module. Long-term effects of exposure to high voltage in the field thus become important aspect
for study to achieve the desired service lifetime for photovoltaic module [32]-[33], [38]-[39].

1.6.4: Thermal Cycling and Humidity-Freeze
Thermal cycling can cause wrinkling of the backsheet. High-voltage arcing points can be
produced at the module frame or in the junction box. Thermal coefficient of expansionmismatch-induced failure can occur outdoors in thin film modules Thermal cycling is an
accelerated qualification test. It is run for specific number of cycles. Thermal cycling tests the
mechanical strength and design of the module package [4].
Humidity freeze test has a particular duration and number of cycles. The mechanism of
injecting moisture into the encapsulant and freezing it is more a measure of the strength of the
adhesive bonds in the module. It does not test the ability of the module to withstand a specific
long term process occurring in the field [5].
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CHAPTER TWO: LITERATURE REVIEW

2.1: High Voltage Bias Testing
Photovoltaic modules mounted in a field application may operate at a high voltage
relative to ground determined by position of the module in the overall array circuit. In a gridconnected photovoltaic system the cells may be as much as 600 volts positive or negative with
respect to ground, i.e., with respect to the frame of the module. This cell-frame or metallic
mounting supports voltage gradient gives rise to leakage currents between cell and frame or
metallic mounting supports. High leakage currents can lead to electromigration and degradation,
and thus become important issues for durability and safety [29], [32], [33]
One function of a module encapsulant is to confine the generated electrical energy to the
module circuitry. The energy that dissipates from the module circuitry through the encapsulant to
nearby grounds is called leakage current. Leakage current may be composed of charge carriers
that move under the influence of voltage and concentration gradients through the insulation,
reacting with it and the cell and frame metals to produce corrosion products. Leakage current
levels are also determined in large part by the electrical conductivity of the insulation. This
conductivity varies greatly with changing environmental conditions of temperature and relative
humidity [40]-[41].
Leakage currents have a fixed polarity. Leakage currents even well below the groundfault detection threshold are harmful for the photovoltaic modules, and are responsible for a form
of module degradation termed electrochemical corrosion. The fundamental principles of
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photovoltaic module electrochemical corrosion can be understood with an aid of a sketch
provided in Figure 4 [35], [40].
Electrochemical reaction rate is proportional to the rate of inter electrode ionic charge
transfer that itself is one and often the dominant component of the leakage current.
Electrochemical corrosion is driven by the applied or photovoltaic generated potential difference
between contacts separated by an ionically conductive median. Oxidation of the anode and
plating at the cathode result in the dissolution of the back contact metal and shorting between the
cell elements. Corrosion of this type occurring at room temperature for a number of different
materials including SnO2:F coated glass has been reported [40], [42].

Figure 4: Electrocorrosion Mechanism [35], [40].
Earlier researchers at Jet Propulsion Laboratories as well as National Renewable Energy
Laboratory designed and executed variety of accelerated tests with an aim to reproduce the
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electrocorrosion and delamination under controlled laboratory conditions. It was generally
carried out by placing a test module in a controlled atmosphere chamber at 85°C and 85%
relative humidity with 500 V applied between the metal frame and the shorted output leads. Both
the JPL and NREL have indicated humid environment, elevated temperature and voltage bias
between the module frame and the thin film device as the cause of corrosion in thin film
modules. More recently, researchers at NREL have built upon the JPL work and have identified
several factors responsible for the electrochemical corrosion of SnO2:F TCO films. A detailed
study has been carried out on the possible leakage current pathways, measurement of their
magnitudes and correspondingly analysis of leakage currents with their correlation to humidity
and temperature. However, all the work carried out has been limited to the damp heat accelerated
stress condition of 85°C and 85% RH and the conditions at room temperature [5], [11].
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CHAPTER THREE: METHODOLOGY

3.1: High Voltage Bias Testing
System voltages in utility application in USA are typically 600 V. As the photovoltaic
modules are more widely distributed in high power or utility power applications, their ability to
withstand high voltage relative to the ground becomes a reliability as well as safety issue. Longterm effects of exposure to high voltage in the field thus become important aspect for study to
achieve the desired service lifetime for photovoltaic module.
Corrosion has been found to occur in some a-Si:H photovoltaic modules during
accelerated testing under damp-heat with high voltage bias conditions. There have also been
instances of corrosion in earlier-generation a-Si:H photovoltaic modules that were field-deployed
under high-voltage bias in hot and humid environment. Therefore, a study of corrosion in
amorphous hydrogenated silicon (a-Si:H) photovoltaic modules fabricated by BP Solar was
undertaken. The main objective of this project was to study the performance a-Si:H photovoltaic
modules under high voltage bias conditions in the hot and humid climate in Florida and to
analyze the effects of high voltage bias testing.
BP Solar Industries supplied 12 new a-Si:H thin-film photovoltaic modules fabricated
using the earlier generation SnO2:F TCO coating on the superstrate glass. Baseline testing and IR
Imaging was carried out at Sandia National Laboratories (SNL). Eight modules were chosen for
the high voltage bias installation. All the modules were visually inspected and photographed.
Visual inspection was carried out routinely and major changes were recorded. Eight modules
were installed on the FSEC high voltage test bed in December 2001. The photovoltaic circuits of
the modules were biased individually at +600 V, –600 V, +300 V, –300 V, +150 V and –150 V.
19

No external bias was applied to photovoltaic circuits of two modules. Modules for installation
were chosen on the basis of varying areas of hot spots observed in the IR images supplied by
SNL. The photovoltaic modules were biased with different voltages depending on the degree of
hot spots observed. For example, modules with negligible hot spots were biased with higher
voltage. The eight modules were installed at an appropriate south-facing tilt of approximately 29º
in a properly secured area with clear warnings of the danger of high voltage prepared on the roof
of FSEC low-bay laboratory. The modules were mounted on high voltage insulators/spacers so
that the frames remain electrically floating. The remaining four modules were stored in dark to
serve as controls. A pyranometer to measure the solar irradiance, relative humidity sensor, an
anemometer to measure the wind speed were installed. The ambient pressure data was obtained
for the nearest meteorological station. Thermocouples were installed at two locations for
measurement of ambient temperature and back-of-module temperatures. A Type-12 enclosure
was installed in an air-conditioned area in the low-bay lab with clear warnings of “danger / high
voltage”. The enclosure itself was fitted with a new air-conditioner, fan and exhaust for efficient
humidity and temperature control. Six digitally controlled high voltage power supplies were
installed in the Type-12 enclosure. Cables, connectors, resistors, capacitors, indicators, safetydisconnects, and interrupts were procured and mounted in the enclosures for power supply and
data acquisition and for safety disconnection purpose. Power and data cables were taken through
independent conduits to the photovoltaic modules on the roof. Control and data acquisition
cables were taken to a data logger and to a computer. Photovoltaic modules were connected to a
fixed load across their leads. High voltage biases as described above were applied to one of the
leads of photovoltaic modules in such a way that the photovoltaic module voltages and the
applied biases were additive. The detailed electrical circuit is provided in Figure 5.
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Figure 5: Outline of the Connections made to the Positive Biased Module.
Leakage currents from the frame of the photovoltaic module to ground were monitored
daily round-the-clock together with solar irradiance, relative humidity, ultraviolet radiation, back
of module temperatures, ambient temperature and wind speed. A Campbell Scientific data
logger, model 21X was used for recording the data from the modules and various sensors. A
separate program was written to collect the data (APPENDIX A: DATALOGGER PROGRAM).
Data was collected for 31 months. Measurements were made at an interval of 15 seconds and
averages over 2 minute intervals were recorded. Data have been analyzed to study the effect of
relevant ambient meteorological elements such as module temperature and relative humidity on
leakage currents and the correlation between leakage currents and electrocorrosion. Two21

dimensional graphs have been plotted on a daily basis showing variation of leakage currents,
solar irradiance, relative humidity and temperature with time.

3.2: Cell to Frame Leakage Currents
Cell to frame leakage currents, may or may not involve water, has emerged as a problem
for thin film photovoltaic module manufacturers where soda lime glass coated with tin oxide
doped with fluorine (SnO2:F) as transparent conducting oxide was used as a superstrate. The
magnitude of leakage currents obtained for a thin film photovoltaic module primarily depends on
the magnitude of the voltage bias, relative humidity and module temperature. The four major
resistances to the principal paths of the leakage current between the photovoltaic circuit and the
frame of photovoltaic module are:
•

R1 - Soda Lime Glass Bulk Resistance

•

R1’ - Surface resistance of Soda Lime Glass

•

R2 - Encapsulant/ Soda Lime Glass Interface Resistance

•

R3 - Encapsulant Bulk Resistance

The cell to frame leakage currents for the soda lime glass superstrate type thin film
photovoltaic modules is calculated for the four resistive pathways (Figure 6). Excessive currents
may also be generated due to poor module design and flaws during fabrication, or in the junction
box. But these currents are not considered for calculations. The resistance of the edge gasket
volume between the metal frame and the module edge is assumed to be zero when compared to
those of the bulk or surface of soda lime glass. Leakages through the back cover material and
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Figure 6: Depiction of Resistances of Principal Paths of the LC between the PV Circuit and the
Frame of PV Module [38]

EVA covering the back of the cells are not considered. The constants required for the
calculations, viz. EVA bulk conductivity, EVA surface conductivity, EVA/SL glass interface
conductivity and the SL glass surface sheet resistances and the bulk resistivity of the SL glass are
obtained from the literature after extrapolation as per requirements. A large amount of data is
available on a daily basis. It becomes too tedious if one attempts to analyze such a large amount
of data with thousands of permutations and combinations of humidity and temperature. Also it
becomes very difficult to draw definitive conclusions or predictions using the data for the entire
day. Therefore, only few typical average values have been chosen for comparison. The leakage
currents were calculated for clear and cloudy days at different temperatures and relative humidity
values. The dimensions of the module considered for the calculation are: soda lime glass (SLG)
thickness – 0.3 cm, length – 121.92 cms and breadth – 60.96 cms. The edge delete area where
the film and the conducting oxide layer are removed to isolate the cells from the frame is 1 cm
and encompasses the perimeter of the module have been neglected.
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3.3: I-V Measurements
I-V measurements for the all the modules biased were carried to know the reduction in
power output out at the end of the year 2003. During the end of year 2004 I-V measurements for
the modules biased with -600 V, -300 V and -150 V were carried out. The current-voltage data
was imported into an excel sheet and the series and shunt resistances for the above mentioned
three modules were calculated. The series resistance was calculated near the maximum open
circuit voltage and the shunt resistance near the short circuit current.

3.4: Coring and Analysis of HV Biased a-Si:H Modules
Samples were extracted from the delaminated regions of the -600 V biased module using
a technique specially developed for this purpose. The samples were photographed and studied by
optical microscopy, scanning electron microscopy and x-ray energy dispersive spectroscopy.

3.5: HV Bias Testing of Laminates and Other Thin Film Modules
Significant corrosion and even complete destruction of modules has been observed in hot
and humid climate under high-voltage bias in framed a-Si:H photovoltaic modules fabricated
using earlier generation SnO2:F TCO layers. Effects of leakage current on durability of
photovoltaic modules are being studied on high voltage bias testing of modules. Because of the
serious problem of corrosion of older generation of SnO2:F TCO coatings under high voltage and
high humidity conditions, the technology of SnO2:F TCO coatings has been improved in the
recent years. Several companies are fabricating glass with improved SnO2:F TCO. The reliability
of some superstrate-type a-Si:H and CdTe photovoltaic modules depends critically on the
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stability of the SnO2:F TCO coating. It was, therefore, decided to test the new generation of
improved SnO2:F TCO coated glass. Discussions were held Energy Photovoltaics, Inc for design
of the patterns of laminates with improved SnO2:F TCO prior to encapsulation. Glass plates with
an approximate size of 62.25 cms x 63.5 cms with the new generation of improved SnO2:F TCO
coatings were procured from two manufacturers. Three long (2.54 cms x 55 cms) strips of TCO
were prepared on each of the four glass plates. Contacts were applied at the two ends of the long
TCO strips. Each lead is connected to a foil inside a potted boot. The foil bus bar is only
touching the TCO at each end of the laser-scribed segment. The entire module was sandblasted
on the edges and encapsulated with ethylene vinyl acetate and a second piece of uncoated soda
lime glass. The effect of the photovoltaic circuit was avoided by not depositing the cell structure
on TCO. Two rails are glued to the back of each half module for mounting (Figure 7). These
laminates were supplied to FSEC for the testing under high voltage bias in the hot and humid
environment. The new laminates were visually inspected and photographed. All the four
laminates with two different glasses were installed. The first set of laminates was damaged
during the removal and re-deployment in preparation of the intense hurricanes that hit the east
coast of Florida in 2004. A new set of laminates was obtained recently and has been installed
(Figure 8). The laminates individually biased at –600 V and +600 V are being tested. The
leakage currents from support to ground are being monitored. The sheet resistance of each strip
is also being measured periodically. Thin film modules from different US photovoltaic module
manufacturers are also being tested under the high voltage bias conditions (Figure 9).
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Figure 7: Encapsulated Glass/TCO/EVA/Glass composite

Figure 8: HV (± 600 V) bias testing of the four laminates.
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Figure 9: Thin Film PV Modules tested under HV Bias.

3.6: Analysis of Field Deployed mc-Si Modules.
Over the past several years, photovoltaic Materials Laboratory at FSEC has been carrying
out a systematic and detailed study of module durability and reliability concentrating on solar
cell/encapsulant composite with an objective to lay the scientific basis for further improvement
of manufacturing technology of photovoltaic modules. Crystalline silicon and thin film
photovoltaic modules deployed various locations around the globe have been studied whenever
possible either with their respective control modules or a module that is being tested under
similar conditions. The sample extraction process for the module degradation analysis was
developed by SNL. This process has been further improved at FSEC. FSEC has developed a
process for extraction of samples from various different types of photovoltaic modules.
Parameters are being optimized to develop a process to core the tempered glass-to-glass
photovoltaic modules.
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Two multi crystalline silicon photovoltaic modules manufactured by a non-US company
at different times were received from SNL. The earlier batch module had performed well under
hot and humid conditions. But the next generation modules failed after approximately four years
of installation. A detailed comparison study of the two modules was carried out. The newer
module was visually inspected and photographed (Figure 10). The I-V measurements for newer
module were carried out to determine the loss in the module characteristics compared to the
specified values. Coring of both the older and more recent mc-Si photovoltaic modules was
carried out. Since the more recent module was deployed for short period of approximately four
years the white tedlar / polyester / tedlar (TPT) backing sheet along with the ethylene vinyl
acetate (EVA) had not degraded much. It had a very good adhesional strength. The backing sheet
and some of the co-polymer EVA at the back of the module carefully removed from the chosen
cells by end milling. While the remaining EVA was scrubbed off. However, this was not the case
with the earlier module. The backing sheet and the polymer layer were carefully removed with
an exacto knife. The small amount of traces was removed by scrubbing.

Figure 10: Degraded mc-Si Module
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The solder bond strength between the ribbon and the cell at the back side for both the
modules was measured with a Chatillion pull tester by pulling at 90º. The remains of the EVA
beneath the back ribbon were scrubbed off. Cells were then marked for removal of samples from
various. Coring was carried out with the help of a diamond impregnated core drill having an
outer diameter of ¾ inch. Coring for all cells was carried out till Glass/EVA interface. The cored
areas were then dry cleaned to remove the dirt and dust developed during the coring operation.
Ultrasonically cleaned nuts with roughened surface were glued on to the cored areas with the
help of ultra high vacuum compatible conducting epoxy. The epoxy was allowed to cure for
more than 24 hours. Samples were extracted by torquing of the nuts and the corresponding
adhesional shear strength was measured. Also the torque angle and the diameter of the extracted
samples the nature of failure were recorded. The nuts glued to the earlier module when extracted
came out with the samples cleanly. But sample extraction of the new module was a failure i.e.,
either the failure was at the nut/cell interface (glue failure) or the sample broke/cracked. Some of
the glued samples were heated using a normal hair drier from the back of the module before
extraction so as to make the EVA loose some strength. But the glues lost its strength and the nuts
came out even when the force was applied with hand. A new type of high temperature resistant
adhesive was procured for the same purpose. However, a similar problem was experienced.
Hence, a better quality high temperature resistant adhesive was procured. The nuts were attached
to the cored sample and allowed to cure for 24 hrs. The samples were heated prior to the
extraction. A normal wrench was employed and the samples were extracted with the ribbon on
the cell. Some amount of EVA was adhering to the extracted sample was removed by further
heating the sample.
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Morphology of the samples was studied by optical microscopy and scanning electron
microscopy. Composition of silicon cell, solder and encapsulant was analyzed by X-ray energydispersive spectroscopy. Some of these extracted samples were sent to Sandia National
Laboratories for further analysis.
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CHAPTER FOUR: RESULTS AND DISCUSSIONS
4.1: Leakage Currents Variation

The data was collected on a daily basis from midnight to midnight and day to day
variation was studied. The leakage currents LC1 (+600V) and LC2 (-600V), LC3 (+300) and
LC4 (-300), LC5 (+150) and LC6 (-150), and LC7 (unbiased) and LC8 (unbiased) show similar
variation with temperature and relative humidity (Figure 11). The leakage current for high
relative humidity (> 80%) and at mid range values of relative humidity (35% to 80%) were
proportional to the applied biases i.e. the value of leakage currents for module biased with
+600V was approximately twice the value of leakage currents for module biased with +300V
and was approximately four times the value of leakage currents for module biased with +150V.

Figure 11: Variation of LC, RH and Temperature with Time for a typical Sunny Day.
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The values of leakage current for unbiased modules (LC7 & LC8) were approximately the same
(Table 2 & Table 3). At low values of relative humidity (<35%), the values of leakage currents
for all the modules were low and were often comparable to the noise level. Therefore no
particular trend of leakage currents could be observed at low relative humidity (Figure 12).

Table 2: Variation (Minimum and Maximum Values) of LC on a Clear Sunny Day for 0000 to
0800 Hrs Time Period

Min
Max
Min
Max
Min
Max

RH
%
85.6
98.6
67.0
100.3
72.3
92.3

S. Ir
W/m2
-4
110
-4
332
-4
312

TAmb
ºC
11.96
15.94
22.10
28.68
15.57
19.57

TAvg
ºC
10.34
16.05
21.18
33.60
14.14
23.36

600
nA
569
1149
580
4084
462
1653

-600
nA
-705
-1401
-295
-3963
-1908
-537

300
nA
323
699
251
2255
234
1000

-300
nA
299
-664
-194
-1964
-1068
-599

150
nA
145
349
86
1156
105
590

-150
nA
145
350
-117
-1072
-591
-308

UNB
nA
5
33
-3
21
-4
12

UNB
nA
5
28
-7
20
-5
17

Table 3: Variation (Minimum and Maximum Values) of LC on a Clear Sunny Day for 1700 to
0000 Hrs Time Period.

Min
Max
Min
Max
Min
Max

RH
%
31.8
92.8
48.0
83.5
45.1
88.9

S. Ir
W/m2
-8
451
-5
392
-7
372

TAmb
ºC
16.69
25.66
23.88
31.48
15.77
25.79

TAvg
ºC
14.77
33.50
23.06
37.62
14.25
31.82

600
nA
34
1203
92
2845
97
1188

-600
nA
-11
-1296
-45
-2628
-1290
-40

300
nA
23
629
49
1428
49
667

-300
nA
-1
545
-26
-1193
-658
-38

150
nA
16
260
25
576
19
328

-150
nA
3
271
-13
-559
-319
-26

UNB
nA
1
19
-11
13
-13
12

UNB
nA
2
24
-10
21
-11
17

The values of leakage current of all the biased increase or decrease proportionately
corresponding to the applied biases with relative humidity and temperature. There was sharp
drop in the magnitude of the leakage currents corresponding to the applied biases early in the
morning just after sunrise and a sharp rise in the leakage current in the evening before sunset.
This trend of sharp drop and rise in the values of leakage current corresponds to the sharp drop
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Figure 12: The variation of LC and RH as the day progresses.

and sharp rise in the relative humidity. The relative humidity itself is proportional to the ambient
temperature. During the night time the module temperatures were low, hence the relative
humidity was higher and correspondingly the leakage currents values were higher. Just after the
sunrise the temperature of the module starts increasing and relative humidity decreases. Hence
there is a considerable drop in the leakage currents. At around noontime, the leakage current
values were lowest since the modules were hot and thereby effused moisture. Towards the end of
the day there is a considerable decrease in the temperature, increase in the relative humidity
leading to a significant rise in the leakage current values.
The magnitude of leakage currents not only varied with relative humidity and
temperature but also with the time period of the year (Table 4). From sunrise to sunset the
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Table 4: LC and RH Ranges from Sunset to Sunrise for different time periods.
Period
From
January
April
November

RH
%
80-95
80-100
70-95

To
March
October
December

Leakage Currents
nA
500- 2000
2000-3500
1000-2500

leakage currents varied depending on the weather conditions for that particular day. The leakage
current values were relatively low for the period from January to March and November to
December, and were higher for the period from April to October. The weather was cool, dry and
windy from January to March and November to December, while from April to October it was
substantially hot and humid. It is clearly evident from the data mentioned above that the climatic
variations affected the magnitudes of leakage currents. The effect of humidity was more evident
from the data from April to October. On clean sunny day the magnitudes of the leakage currents
dropped substantially. This is due to the increase in temperature and reduction in relative
humidity. On a cloudy or rainy days the values of leakage currents at times, there was a sudden
rise of leakage current even above the high values observed during the night time period. This
trend was observed generally for an hour or two prior to and after the rainfall or during cloudy
days. This may have resulted from precipitation of a continuous layer of moisture on the module
surface due to sudden increase in relative humidity and decrease in temperature. It results in very
large peaks in the magnitude of leakage currents (Figure 13). On a partly cloudy day even if the
humidity is in the same range as mentioned (Table 4), the observed values of leakage currents
were comparatively higher (Figure 14). This was because of moisture effusion due to very high
module temperature preventing precipitation. Thus module temperature and wind speed play a
key role even when the humidity is in the same range.
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Figure 13: The variation of LC, RH and Temperature on a Cloudy Day.

Figure 14: Sudden increase in the magnitude of the LC due to Rain.
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LC5150
T1

Sometimes during the day time the values of leakage currents of a particular module go
out of bound. This may be due to voltage fluctuations or loose connections for that specific
module and not due to voltage fluctuations as whole since only one of the channels is showing
out of bound values while others are showing the same trend. It may be also due to local ambient
variations occurring at the module surface resulting in high values (Figure 15). Such a trend is
generally observed on rainy and cloudy days. It has also been observed much less frequently on
partly sunny days as well.

Figure 15: Sudden variation in the LC values of a particular module.

4.2: Leakage Current Pathways and Magnitudes
A large amount of data is collected on a daily basis. It becomes too tedious if one
attempts to analyze such a large amount of data with thousands of permutations and
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combinations of humidity and temperature. Therefore, only a few average values during typical
periods have been chosen for comparison.
Detailed calculations of resistive paths (Figure 6) to current flow have been carried out
using data acquired under a few representative conditions of temperature and relative humidity
on typical clear days and cloudy days from the first quarter of the first year and the first quarter
of the second year for better understanding of their contributions to leakage current.
For a typical clear sunny day (Figure 11) during night time when the temperatures are
comparatively low and relative humidity is high, the front glass surface is covered with moisture
as a result of condensation, and therefore, the total of soda lime glass bulk resistance R1 in series
with the surface resistance of the soda lime glass R1’ is lower. On the other hand, the
encapsulant/ soda lime glass interface resistance R2 and the encapsulant bulk resistance R3 are
high and therefore, do not contribute much to leakage current. The conduction is mainly through
the top soda lime glass that is the dominant leakage current path. The corresponding leakage
currents are higher.
As the day progresses, relative humidity is in the mid-range with increasing temperature.
Correspondingly the leakage current decreases gradually due to evaporation of the condensed
moisture leading to smaller residual islands of moisture. Major portions of the leakage currents
are partially due to resistance of the interface between the encapsulant, ethylene vinyl acetate
(EVA) and glass (R2) and partially due to bulk encapsulant resistance (R3).
Around noon time, the leakage currents reaching the frame are lowest, accounting only
for the leakage paths in the encapsulant/glass interface, encapsulant bulk, sealants and their
interfaces (R2). Also the modules surfaces are fairly hot and dry due to complete effusion of
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moisture. Afterwards, the leakage currents increase towards the end of the day with decreasing
temperature and the corresponding increasing relative humidity.
As the temperature increases conductivity of bulk glass decreases and vice versa. At high
temperatures the bulk glass conductivity is higher. At high temperatures and high humidity the
conductivity of the bulk encapsulant as well as the conductivity at the encapsulant/glass interface
are higher.
The calculated values of resistances of individual current paths on typical clear days and
cloudy days at the chosen times with their respective temperatures and relative humidities using
published data are provided in Table 5. It is observed that the calculated and the measured values
match only on couple of occasions. The measured values at noon on clear days and cloudy days
are lower than the calculated values. On the other hand, the measured values at night on clear
days and cloudy days are higher than the calculated values. The measured values are much
higher at night because during night time the module is soaked in humid ambient for extended
period of time. It looses some moisture but again regains it and therefore, values are constantly
higher over a larger period of time.
There is accumulation of charge on the top glass surface during the day when the
temperatures are high and humidity is low due to high conductance of the front bulk glass and
low conductance of the glass surface. Sudden rise in relative humidity caused by sudden drop in
days result in temperature during the day approximately an hour prior to and after rainfall or
during cloudy sharp peaks in leakage current (Figure 14). The sharp peaks are attributed to high
conductance path provided by a continuous film of moisture on the front glass that itself is more
conductive at the high ambient temperature. The current drops as the accumulated charge is
conducted away. With time, the moisture accumulates and saturates leading to moderately high
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Table 5: Contribution of Each Resistance in Giga Ohms, Measured and the Calculated LC during
the First year and Second year on Clear Sunny as well as Cloudy Days.
Climate,

R1

R1’

R2

R3

Reff

Current (nA)

TAvg

RH

(ºC)

%

Clear, Noon

39.1

12.8

0.00323

5.59

6.99

93.17

3.01

199

92

Clear, Noon

40.7

8.2

0.00323

5.59

7.99

93.17

3.18

189

28

Clear, Night

21.1

81.1

0.12109

3.49

6.99

93.17

2.32

258

1454

Clear, Night

12.7

86.6

28.25526

6.99

14.00 139.76

9.34

64

1072

Cloudy, Noon

37.4

46.3

0.00283

2.80

3.99

46.59

1.59

378

49

Cloudy, Noon

38.7

45.9

0.00363

2.80

14.00

39.93

2.20

272

228

Cloudy, Night 19.6

87.4

0.20182

3.49

6.99

93.17

2.36

255

1742

Cloudy, Night 19.0

77.8

0.20182

3.99

9.32 139.76

2.83

212

459

Noon/Night

109 Ω

-600 V
Cal.

Measured

constant values of leakage current over an extended period even after it ceases to rain. The
magnitudes of the transient peaks are much larger than those of plateaus at night when relative
humidity is comparable or larger. This is because the continuous low resistance path provided
by the condensed film of moisture prevents charge accumulation.
Recently, measurements and modeling of moisture ingress and egress for photovoltaic
modules were carried out at NREL for moisture diffusivity measurements and moisture ingress
in double glass laminates. Effectiveness of edge seals and breathable back-sheets are also being
explored. It was found that data of field-testing in hot and humid conditions and acceleration
testing at 85% humidity/85°C damp heat did not compare well.
Arrhenius graphs of leakage currents of modules biased at different voltages (Figure 16:
+600V) (Figure 17: -600V) versus were plotted the inverse of the absolute module temperature
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in two distinct relative humidity ranges viz. 35-37% and 95-97%. It can be seen that the
logarithm of leakage current is inversely proportional to the reciprocal of the module
temperature. Thus the photovoltaic module leakage conductance is thermally stimulated with a
characteristic activation energy that depends on relative humidity. At high relative humidity, the
activation energies are larger than those at low relative humidity for all the modules biased with
different voltages. The activation energy can be calculated as per equation 1.
⎛ − E A ( RH ) ⎞
i (RH, V, T) = i0 (RH, V) exp ⎜
⎟ ……………..(1)
kT
⎝
⎠
where
EA (RH) - Activation energy as a function of RH,
k - Boltzmann’s constant,
T - Absolute temperature of the module in K, and
V - Applied bias voltage in Volts.

The activation energy for modules biased at different voltages against distinct RH ranges
viz. 35-37%, and 95-97% have been calculated (Table 6). In mid range RH i.e. 65-67%, for very
small variation in relative humidity, there is large variation in leakage currents; therefore values
observed were more scattered and definitive conclusions are difficult.
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Figure 16: Arrhenius semi-logarithmic graph of LC (nA) at +600V bias against the absolute
module temperature (K-1) in two distinct RH ranges viz. 35-37% and 95-97%.

Figure 17: Arrhenius semi-logarithmic graph of LC (nA) at -600V bias against the absolute
module temperature (K-1) in two distinct RH ranges viz. 35-37% and 95-97%.
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Table 6: Activation Energy (EA eV) for Modules Biased at Different Voltages for Two Distinct
RH ranges viz. 35-37% and 95-97%.

Module Bias
+ 600V
-600V
+300V
-300V
+150V
-150V
unbiased

Activation Energy (EA eV)
RH 35-37%
RH 95-97%
0.445439
0.683432
0.456313
0.639278
0.479312
0.703388
0.368058
0.718012
0.609506
0.610333
0.412022
0.789352
0.311031
0.609808

The observations stated above are for the period of January 04, 2002 to December 30,
2003 for +600 V, -600 V, +300 V and -300 V and January 04, 2002 to November 14, 2003 for
+150 V, -150 V and unbiased module.

4.3: Module Degradation and Analysis
Measurements on high voltage biased a-Si:H thin-film photovoltaic modules with earlier
generation SnO2:F TCO showed that the leakage currents increased proportionately to applied
voltage bias, at least up to 600 V. This finding can be used to develop an accelerated test for an
encapsulated thin-film module that can assist in weeding out inadequate encapsulation schemes,
provided the module construction includes a transparent conducting oxide glass interface. The
extent of observed corrosion was dependent on the biased voltage and polarity. The module
biased negatively at –600 V began showing clearly visible signs of delamination at the lower and
left edges of the module after a period of eight months (Figure 18). At the end of the 12 months,
the delamination had increased considerably (Figure 19). The corrosion was found to initiate
normally near the edges of individual cell strips in the scribed photovoltaic circuit and then to
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progress inward. The prominent effect observed during this testing was the extensive
electrocorrosion. It can be seen that the most destructive condition exists for the SnO2:F/glass
interface when the cells are biased negative relative to ground. In this condition, sodium ions
drift to the interface where they corrode/decompose the glass at the interface or react with water
and form H that reduces the SnO2:F; each process is capable of reducing adhesion at that
interface. Careful inspection showed that the delaminated SnO2:F layer deposited on the
superstrate glass transferred on to bottom-glass/EVA. Later the cell cracked and curled, resulting
in a bar-graph damage pattern (Figure 19). The higher leakage current values corresponded to
faster rates of cell damage and only the negatively biased modules suffered damage while there
was no damage in the positively biased modules. Thus the reaction is dependant on the
magnitude and polarity of the current. Therefore, it was concluded that the damage is caused by
electrocorrosion induced by the leakage current.

Figure 18: Module biased at –600 V after eight months
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Figure 19: Considerable delamination in the -600 V biased modules (12 months).

Figure 20: Delamination in the -600 V biased module (second) in less than 12 months.

The module biased negatively at –300 V also showed visible delamination after a period
of ~15 months. At this stage, a second a-Si:H module was high voltage biased to –600 V to
verify the repeatability of the result. It also started showing considerable delamination in less
than 12 months (Figure 20). By that time the module biased to –600 V from the beginning of the
study was showing very advanced stages of delamination that had the probability of a

44

catastrophic failure and hence was decommissioned (Figure 21). The module biased negatively
to –150 V began showing clear signs of delamination after ~27 months (Figure 22). On the other
hand, the modules that were biased positively did not show any signs of delamination. The
results show that the module with high bias voltage –600 V has been damaged extensively within
27 months (Figure 21). The module biased with –300 V has also degraded to a lesser extent
while the module biased at –150 V is the least damaged during the period of 30 months.

Figure 21: -600 V biased module after deployment for 27 months.

Figure 22: -150 V biased module after deployment for 27 months
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Table 7: I-V Measurements for the HV Biased Modules
Bias

Date

- 300V
- 150V
- 600V
- 300V
- 150V

10/03
10/03
12/04
12/04
12/04

Tamb
ºC
30.0
30.0
28.8
30.0
32.7

Tavg
ºC
48.55
48.02
42.23
46.45
44.43

S.Ir
W/m2
948
929
842
843
849

Isc
A
0.78
0.77
0.005
0.360
0.763

Voc
V
82.67
83.69
55.51
77.52
86.37

Ipk
A
0.56
0.63
0.018
0.178
0.608

Vpk
V
46.53
60.64
46.84
31.11
59.54

PP
W
26.17
38.04
0.82
5.52
36.20

FF
%
40.77
59.00
0.00
19.80
54.90

4.4: I- V Measurement Data Analysis

The I-V characteristics were measured on these high voltage biased modules to monitor
the yearly degradation. Degradation was commonly observed in the negatively biased modules.
The I-V measurements were carried out on the negatively biased modules. I-V characteristics of
the modules negatively biased at –150 V (Figure 23), –300 V (Figure 24) and –600 V (Figure 25)
taken prior to the decommissioning of the modules.

Module Biased @ -150 V

Current (Amps)

0
-0.2
-0.4
-0.6
-0.8
-1
0

20

40

60

Voltage (Volts)

Figure 23: I-V Curve for the –150 V Biased Module.
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100

Figure 24: I-V Curve for the –300 V Biased Module

Module Biased @ -600 V

Current (Amps)

0.00

-0.01

-0.02
0

20

40

Voltage (Volts)

Figure 25: I-V Curve for the –600 V Biased Module
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The I-V curve for the module biased with –150 V showed the maximum power point of
37 W, fill factor of 56% and derived series resistance of 30 Ω. In comparison, the control module
had maximum power point of 46.6 W, fill factor of 64% and derived series resistance of 15 Ω.
For the module biased at –300 V, the maximum power point, fill factor and derived series
resistance were 5.6 W, 20%, and 382 Ω respectively. The module biased at –600 V showed fill
factor of 0% and a maximum power point of 0.82 W. The series resistance for all three modules
increased considerably when compared with that of the control module.
The percentage drop in power occurring in the modules biased under high voltage
condition has been calculated (Table 8). These calculations are made on the basis of the rated
nameplate power and the measured normalized power. For the module biased with –600V the
total power drop is approximately 98%. But other modules along with the second -600 V biased
module at were tested for their photovoltaic parameters almost after two years of commissioning.
The power drop for module biased with -300 V after the first two years was 40.7 %. However,
this percentage drop in the next 8 months reached up to 85.88 %. From the observed behavior of
electrocorrosion and delamination, it can be concluded that a much more accelerated degradation
occurred during the second year for both the modules. This was also the case with the module
biased with -600 V. Exact value of power drop is not available. But by the amount and the rate of
degradation of the module it can concluded that more power loss was during the II year.
Similarly for the module biased at -150V, the drop in power was 11.40 % after the first two years
of testing and it drop reached up to 21 % during the next 8 months. Initially there are no
moisture ingress paths. But once a single path is created, the modules starts to degrade faster
creating more ingress paths. Thus there is a more reduction in power during the II and III year.
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Table 8: Percentage Reduction in the Power of the HV Biased Modules.
Bias
-150 V
-300 V
-600 V

Oct 2003
11.40
40.70
NA

Dec 2004
21.00
85.88
98.00

4.5: Coring and Analysis of HV Biased a-Si:H Modules
The module biased at -600 V was decommissioned after a period of 27 months. After
decommissioning all the modules it seemed desirable to examine the damage as closely as
possible to help understand the modifications taking in the TCO layer and the glass/TCO
interface. Pairs of superstrate and bottom glass/cell/EVA samples were extracted by coring from
locations of damaged and undamaged regions of the second module biased at –600 V. The cored
samples showed very low or no adhesion to the glass in the undamaged area. The top and the
bottom glass separated after application of a very low torque or even without any torque. On the
other hand, in the undamaged region, the adhesional shear strength continued to be very high and
consequently, it was very difficult to separate the top and the bottom glass. This shows that the
corrosion is associated with the delamination of SnO2:F layer from the glass for the negatively
biased modules. Visual inspection of the sample extracted from the bottom side indicated that
the complete cell had transferred itself on to the EVA (Figure 26). Visual inspection of the
sample extracted from the superstrate side showed plain clear glass without any vestiges of the
TCO. Attempts were made to measure the resistance of this clear glass sample (Figure 27).
However, the value of the resistance was very high i.e. above the range of measurement. One or
more hair-like tendrils were found to form initially and with time as the corrosion progressed, the
damage became more intense. Examination of the damaged areas under an optical microscope
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shows that the tendrils appeared as cracks through all of the thin-film layers of the a-Si:H cell,
i.e. TCO, the active semiconductors, and the back metallization (Figure 28)
Further XEDS analysis of the samples showed the presence of silicon, oxygen and
sodium, which are normal elements in soda-lime glass thus confirming the absence of TCO
coating (Figure 29). XEDS analysis of the bottom sample showed the presence of tin, oxygen
and silicon on the cell thus confirming the observation (Figure 30).

Figure 26: Cored samples from the bottom side of the a-Si:H Module biased at –600 V.

Figure 27: Cored samples from the superstrate side of the a-Si:H Module biased at –600 V.
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Figure 28: Optical photograph of the cell on the bottom glass/EVA (Tendrils)

Figure 29: XEDS analysis of the clear glass sample.
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Figure 30: XEDS analysis of the cell sample.

4.6: HV Bias Testing of Thin Film Modules and Laminates

As described earlier, delamination of SnO2:F TCO thin-film from the glass substrate has
been observed in earlier generation modules. In the case of the new, unframed laminates with
improved SnO2:F TCO that are being tested at voltage bias of +600 V and –600 V, values of
leakage currents from support to ground were ~100 times lower compared to the modules with
the earlier version SnO2:F. Part of this decrease is because the modules are frameless. For the
limited period that the test laminates have been deployed, there is no visual damage. The sheet
resistances are being measured periodically (Table 9). There are some variations in the sheet
resistances of the strips. The variations do not follow a particular trend. Thin film modules from
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different US photovoltaic manufacturers also being tested under high voltage bias. There are no
visible changes observed in these modules also.
Table 9: Sheet resistance of the strips
Sheet Resistance (Ω / Sq)
Laminate

Type 1

Bias

- 600 V

Type 2
+ 600 V

- 600 V

+ 600 V

Strip No

1

2

3

1

2

3

1

2

3

1

2

3

Nov-04

22.7

25.1

24.4

24.0

24.9

24.5

17.1

15.2

15.4

14.5

14.4

14.7

Mar-05

23.5

25.2

25.7

25.1

25.3

24.4

15.4

15.7

15.8

15.0

14.7

14.8

4.7: Analysis on Field Deployed mc-Si Module

The mc-Si module was fabricated by a non-US manufacturer outside the in the year 2000.
The module degraded more than expected after deployment in hot and dry climate for less than 2
years. Another module from the same company which had preformed well for more than 8 years
was also available for study. I-V measurements of the degraded module were carried out after
receiving the module (Table 10). The reduction of total power calculated for standard
temperature of 25 ºC and a solar irradiance of 1000 W/m2 was found to be approximately 37%.
The solder bond strength between the ribbon and the cell at the back side was measured
with a pull tester by pulling at 90º. In several regions, EVA that had creeped beneath the ribbon
during the lamination, provided additional adhesion and consequently enhanced the measured
values of the pull strength (Figure 31). In spite of this, the measured solder bond strength was
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considerably below the stipulated minimum of 200 gms in some regions and especially over the
broad metallization pads. In several regions, part of the busline metallization was stripped off
together with the ribbon and the solder bond.

Table 10: Rated and Measured I-V characteristics of the degraded mc-Si Module.
Sl.No
Rated

Tamb

Avg T

SIR

Isc

Voc

Ipk

Vpk

Ppk

FF

ºC

ºC

W/m2

A

V

A

V

W

%

NA

25.00

1000

4.97

21.5

4.73

16.9

80

1

35

54.75

1034.4

4.79

18.794

3.997

12.42

49.65

55.1

2

36.11

57.80

1049.5

4.849

18.67

4.045

12.3

49.78
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3

35.55

57.00

1051.3

4.856

18.604

4.092

11.982

49.03

43.3

Figure 31: EVA Beneath the Ribbon

Both multicrystalline modules were cored till glass/EVA interface and clean hexagonal
nuts were glued to them and samples. Increasing torque was applied to the hexagonal nuts
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attached to the silicon cell samples and the value of the maximum torque required to extract the
samples was used to calculate the adhesional shear strength. In most cases, the failure occurred at
the cell/EVA interface. In the case of earlier generation photovoltaic module, the solder bond
together with the busline metallization continued to adhere well to the cell while the ribbon
remained partially on the cell and was detached partially (Figure 32). On the other hand, in the
case of module that showed degradation in the field, the screen printed busline metallization was
mostly stripped off from the extracted silicon cell sample while the ribbon together with most of
the solder bond and busline metallization continued to adhere well to EVA. The silicon cell with
its busline metallization mostly stripped off and the EVA with the ribbon, solder bond and
busline metallization still adhering to it (Figure 32). It may be noted that the stipulated
adhesional strength between the busline metallization and the silicon cell is in the range of 300400gms.

Figure 32: Sample cored from old (good module) and new (degraded) module.
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The cored samples from the newer module were extracted. Good and clean samples were
obtained only after the heating (Figure 33 – Left sample). But still some traces of the ethyl vinyl
acetate layer were found on some samples (Figure 33 –Right sample).

Figure 33: Samples Extracted by Heating form newer module
Metallographic samples of the cored samples were prepared for additional SEM and
XEDS analysis at the interface of the ribbon/cell i.e., the solder.

XEDS analysis showed

primarily a lead-tin solder alloy along with silver, fluorine and carbon. Fluorine is primary due to
solder flux. Silver may be due the bus line and carbon may be from the encapsulant or organic
additives (Table 11). XEDS analysis of the newer module showed only the presence of lead and
tin along with some amount of oxygen in the solder alloy.
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Table 11: XEDS Analysis of Samples Cored from Old Module Right Bus Bar Middle (RBM)
and Left Bus Bar Periphery (LBP)
RBM1
RBM2
LBP1
LBP2

Element
At. %
Element
At. %
Element
At. %
Element
At. %

C
53.20
Si
23.23
F
18.68
C
49.49

Ag
0.94
Ag
4.9
Ag
4.21
Ag
2.13
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Sn
28.78
Sn
44.05
Sn
43.06
Sn
32.41

Pb
17.07
Pb
27.82
Pb
34.04
Pb
15.97

CHAPTER FIVE: CONCLUSION AND RECOMMENDATIONS
High voltage bias testing of photovoltaic modules in hot and humid conditions in Florida
showed the potential of such testing as an important acceleration test. The leakage currents were
found to be functions of both relative humidity and temperature and the characteristic activation
energy depends on relative humidity. Low-resistance paths created with the passage of time
increase the leakage current continuously indicating a probable accelerating rate in leakage
currents. The superstrate-type thin-film photovoltaic modules have a major difference in
structure and configuration when compared to modules of crystalline silicon or other thin film
modules on foils. The crystalline silicon or other thin film modules on foils have an additional
layer of encapsulant between the glass and the front surface of the solar cells. Also they do not
require SnO2:F TCO coating on the front glass. The good electrical isolation that the extra
encapsulant layer provides is not available to thin-film modules. This is an important difference
because leakage currents can reach the active semiconductor layers across low-resistance path
created along the glass superstrate or the module edges especially in the hot and humid climate.
Moreover, if a process such as sand blasting is used for edge deletion, the surface passivation of
glass with SO3 treatment would be lost, creating an easy pathway for the diffusion of sodium
from the glass.
The leakage currents increase proportionately to applied voltage bias, at least up to 600
V, showing the potential of this technique for acceleration testing that could be valuable in
weeding out of inadequate encapsulation schemes especially for the more vulnerable thin-film
photovoltaic modules.
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Surface and bulk glass conductivities dominate under wet conditions whereas
combination of surface and bulk glass conductivities plus encapsulant/glass interface, sealants,
and encapsulant conductances govern under drier conditions. The measured values at noon on
clear as well as cloudy days are lower than the calculated values. On the other hand, the
measured values at night on clear days and cloudy days are higher than the calculated values.
Photovoltaic module leakage conductance is thermally stimulated with a characteristic activation
energy that depends on relative humidity. The activation energy for the relative humidity ranges
viz., 35-37% and 95-97% are 0.456 eV and 0.65 eV respectively.
The corrosion depends on the direction of the internal electric filed. Corrosion causes
cracking which extends through the entire thin film layer. Delamination became clearly visible in
a-Si:H photovoltaic modules fabricated using earlier generation SnO2:F TCO layers biased at –
600 V, –300 V and –150 V after 8, 15 and 27 months respectively. There was complete loss of
adhesional strength in the damaged area. The undamaged area had a good adhesional strength.
Initially the a-Si:H cell in the degraded region delaminated and transferred itself entirely from
the superstrate glass to the bottom glass/EVA surface, and then cracked and curled. The total
power loss after 31 months of testing for modules biased at –150 V and -300 V was 21% and
85% respectively whereas the total power loss for the modules biased at and –600 V for 27
months was 98%.
This occurred initially due to an increase in series resistance to 30 Ω and 382 Ω.
However, the final total power loss was also due to the disintegration of the cell. Leakage
currents increased proportionately to the voltage bias. Thus high voltage bias application can be
a useful accelerated test to reveal inferior TCO or encapsulation schemes. The dependence on the
magnitude and polarity of the leakage current shows that the damage is caused by
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electrocorrosion. Leakage current values from support to ground in new, unframed laminates
without the semiconductor circuit and fabricated with improved SnO2:F TCO layer being tested
under the high voltage bias in hot and humid environment are ~100 times lower.
The total reduction in the power was approximately 37% for the newer generation mc-Si
module deployed for a period of less than 2 years. Adhesional strength between the busline
metallization and the silicon cell in a newer generation mc-Si photovoltaic module was found to
be considerably lower than that in the earlier generation module. The ethyl vinyl acetate layer in
the newer module had more strength than the older module. It is suggested that more detailed
study should be undertaken using unencapsulated strings of crystalline silicon modules so as to
avoid complication due to encapsulant creeping beneath the ribbons. XEDS analysis showed
primarily a lead-tin solder alloy along with silver, fluorine and carbon in the older module.
XEDS analysis showed no traces of silver, fluorine and carbon in the solder alloy in the newer
module.
With the aid of physics of failure approach to durability and reliability, issues regarding
the durability and reliability of photovoltaic components such as encapsulant, solders and solder
joints, and connectors can be studied and implemented for improving the service lifetime of
photovoltaic modules. It can also be utilized for elucidating the importance of accelerated testing
in predicting the service lifetime for photovoltaic modules. Such systematic and detailed studies
on photovoltaic module durability with focus on solar cell/encapsulant composite has great
potential to provide strong scientific basis for further improvement of manufacturing technology
of photovoltaic modules.
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APPENDIX A: DATALOGGER PROGRAM
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Flag Usage:
Input Channel Usage: 1-6
Excitation Channel Usage: 0
Continuous Analog Output Usage: 0
Control Port Usage: 2
Pulse Input Channel Usage: 2
Output Array Definitions:
*

1
Table 1 Programs
01: 15
Sec. Execution Interval

01: P17
Panel Temperature
01: 1
Loc [:TREF

15 second program runtime
Instruction taking reference temperature

]

02: P20
Set Port
01: 1
Set high
02: 1
Port Number

Activates multiplexer with reset

03: P86 Do
01: 72

Clock pulse
Pulse Port 2

04: P14
Thermocouple Temp (DIFF)
Instruction for Temperature
01: 1
Rep
02: 1
5 mV slow Range
03: 1
IN Chan
04: 1
Type T (Copper-Constantan)
05: 1
Ref Temp Loc TREF
06: 26
Loc [:TBOX ]
07: 1
Mult
08: 0.00
Offset
05: P20
Set Port
01: 0
Set low
02: 1
Port Number

Deactivates Multiplexer with reset

06: P20
Set Port
01: 1
Set high
02: 1
Port Number

Reactivates Multiplexer

07: P87
Beginning of Loop
01: 0
Delay
02: 3
Loop Count

Loop instruction for multiple
identical sensors
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08: P86
Do
01: 72

Clock pulse
Pulse Port 2

09: P14
Thermocouple Temp (DIFF)
Instruction for Temperature sensor
01: 1
Rep
02: 1
5 mV slow Range
03: 1
IN Chan
04: 1
Type T (Copper-Constantan)
05: 1
Ref Temp Loc TREF
06: 2-Loc [:T1(UNBL) ]
07: 1
Mult
08: 0.00
Offset
10: P95

End

Instruction to end loop

11: P20
Set Port
01: 0
Set low
02: 1
Port Number

Deactivates Multiplexer

12: P20
Set Port
01: 1
Set high
02: 1
Port Number

Reactivates Multiplexer

13: P87
Beginning of Loop
01: 0
Delay
02: 8
Loop Count

Loop for multiple voltage readings

14: P86
Do
01: 72

Clock Pulse

15: P2

Pulse Port 2

Volt (DIFF)
01: 1
Rep
02: 1
5 mV slow Range
03: 2
IN Chan
04: 18
Loc [:V1(600+) ]
05: 1
Mult
06: 0.0000
Offset

16: P95

Instruction for voltage

End

17: P20
Set Port
01: 0
Set low
02: 1
Port Number

Deactivates multiplexer with reset
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18: P2

Volt (DIFF)
01: 1
Rep
02: 5
5000 mV slow Range
03: 3
IN Chan
04: 13
Loc [:UV
]
05: 1
Mult
06: 0.00
Offset

19: P37
Z=X*F
01: 13
X Loc UV
02: 7.11
F
03: 13
Z Loc [:UV
20: P2
01: 1
02: 15
03: 4
04: 14
05: 1
06: 0

Multiplying instruction for UV sensor
]

Volt (DIFF)
Rep
5000 mV fast Range
IN Chan
Loc [:RH
]
Mult
Offset

21: P34
Z=X+F
01: 14
X Loc RH
02: -400
F
03: 14
Z Loc [:RH
22: P37
Z=X*F
01: 14
X Loc RH
02: .0625
F
03: 14
Z Loc [:RH
23: P2

Instruction for UV sensor

Instruction for RH sensor

Addition Instruction for RH sensor
]
Multiplying Instruction for RH sensor
]

Volt (DIFF)
01: 1
Rep
02: 15
5000 mV fast Range
03: 5
IN Chan
04: 15
Loc [:PRESSURE ]
05: 1
Mult
06: 0.0000
Offset

Instruction for Pressure sensor

24: P34
Z=X+F
01: 15
X Loc PRESSURE
02: 296.32
F

Addition Instruction for Pressure sensor
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03: 15

Z Loc [:PRESSURE ]

25: P37
Z=X*F
01: 15
X Loc PRESSURE
02: .31766
F
03: 15
Z Loc [:PRESSURE ]

Multiplying Instruction for Pressure sensor

26: P2

Instruction for Solar IR sensor

Volt (DIFF)
01: 1
Rep
02: 3
50 mV slow Range
03: 6
IN Chan
04: 16
Loc [:SOLAR IR ]
05: 116.95
Mult
06: 0.0000
Offset

27: P3

Pulse
01: 1
02: 2
03: 21
04: 17
05: 1
06: 0

Instruction for Wind sensor
Rep
Pulse Input Chan
Low level AC; Output Hz.
Loc [:WIND ]
Mult
Offset

28: P10
Battery Voltage
01: 27
Loc [:BATTERY ]

Instruction for Battery reading

29: P37
Z=X*F
01: 18
X Loc V1(600+)
02: 401.61
F
03: 5
Z Loc [:LC1(600+)]

Multiplying Instructions for Voltage to
Leakage Current

30: P37
Z=X*F
01: 19
X Loc V2(600-)
02: 401.61
F
03: 6
Z Loc [:LC2(600-)]
31: P37
Z=X*F
01: 20
X Loc V3(300+)
02: 401.61
F
03: 7
Z Loc [:LC3(300+)]
32: P37
Z=X*F
01: 21
X Loc V4(300-)
02: 401.61
F
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03: 8

Z Loc [:LC4(300-)]

33: P37
Z=X*F
01: 22
X Loc V5(150+)
02: 401.61
F
03: 9
Z Loc [:LC5(150+)]
34: P37
Z=X*F
01: 23
X Loc V6(150-)
02: 401.61
F
03: 10
Z Loc [:LC6(150-)]
35: P37
Z=X*F
01: 24
X Loc V7(UNB+)
02: 401.61
F
03: 11
Z Loc [:LC7(UNB+)]
36: P37
Z=X*F
01: 25
X Loc V8(UNB-)
02: 401.61
F
03: 12
Z Loc [:LC(UNB-) ]
37: P92
If time is
01: 0000
minutes into a
02: 2
minute interval
03: 10
Set high Flag 0 (output)

Instruction activating the output of readings

38: P77
Real Time
01: 1110
Year,Day,Hour-Minute

Instruction for Time readings

39: P71
Average
01: 17
Reps
02: 1
Loc TREF

Instruction for the readings go to final
memory

40: P86
Do
01: 20

Instruction deactivation output of reading

41: P
*

Set low Flag 0 (output)

End Table 1

2
Table 2 Programs
01: 0.0000 Sec. Execution Interval
01: P

End Table 2

*

Table 3 Subroutines

3
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01: P
*

End Table 3

4
Mode 4 Output Options
01: 00
Tape/Printer Option
02: 00
Printer Baud Option

Mode A
*

A
Mode 10 Memory Allocation
01: 28
Input Locations
02: 64
Intermediate Locations

*

C
Mode 12 Security (OSX-0)
01: 00
Security Option
02: 0000
Security Code

Input Location Assignments (with comments):
Key:
T=Table Number
E=Entry Number
L=Location Number
T: E: L:
1: 1: 1: Loc [:TREF ]
1: 9: 2: Loc [:T1(UNBL) ]
1: 29: 5: Z Loc [:LC1(600+)]
1: 30: 6: Z Loc [:LC2(600-)]
1: 31: 7: Z Loc [:LC3(300+)]
1: 32: 8: Z Loc [:LC4(300-)]
1: 33: 9: Z Loc [:LC5(150+)]
1: 34: 10: Z Loc [:LC6(150-)]
1: 35: 11: Z Loc [:LC7(UNB+)]
1: 36: 12: Z Loc [:LC(UNB-) ]
1: 18: 13: Loc [:UV
]
1: 19: 13: Z Loc [:UV
]
1: 20: 14: Loc [:RH
]
1: 21: 14: Z Loc [:RH
]
1: 22: 14: Z Loc [:RH
]
1: 23: 15: Loc [:PRESSURE ]
1: 24: 15: Z Loc [:PRESSURE ]
1: 25: 15: Z Loc [:PRESSURE ]
1: 26: 16: Loc [:SOLAR IR ]
1: 27: 17: Loc [:WIND ]
1: 15: 18: Loc [:V1(600+) ]
1: 4: 26: Loc [:TBOX ]
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1: 28: 27: Loc [:BATTERY ]
Input Location Labels:
1:TREF
2:T1(UNBL)
3:T2(UNBR)
4:TAMB
5:LC1(600+)
6:LC2(600-)
7:LC3(300+)

8:LC4(300-)
9:LC5(150+)
10:LC6(150-)
11:LC7(UNB+)
12:LC(UNB-)
13:UV
14:RH

15:PRESSURE
16:SOLAR IR
17:WIND
18:V1(600+)
19:V2(600-)
20:V3(300+)
21:V4(300-)
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22:V5(150+)
23:V6(150-)
24:V7(UNB+)
25:V8(UNB-)
26:TBOX
27:BATTERY
28:
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